Endothelial nitric oxide (NO) bioavailability, microvascular function, and host oxygen consumption have not been assessed in pediatric malaria. We measured NO-dependent endothelial function by using peripheral artery tonometry to determine the reactive hyperemia index (RHI), and microvascular function and oxygen consumption (VO 2 ) using near infrared resonance spectroscopy in 13 Indonesian children with severe falciparum malaria and 15 with moderately severe falciparum malaria. Compared with 19 controls, children with severe malaria and those with moderately severe malaria had lower RHIs (P = .03); 12% and 8% lower microvascular function, respectively (P = .03); and 29% and 25% higher VO 2 , respectively. RHIs correlated with microvascular function in all children with malaria (P < .001) and all with severe malaria (P < .001). Children with malaria have decreased endothelial and microvascular function and increased oxygen consumption, likely contributing to the pathogenesis of the disease.
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The mortality rate in falciparum malaria remains high [1] , and delineation of the pathogenic mechanisms are required to develop adjunctive therapies to improve survival. In falciparum malaria, tissue hypoxia results from decreased microcirculatory flow due to parasite sequestration and endothelial dysfunction [2] . Nitric oxide (NO) regulates these pathogenic processes by decreasing expression of endothelial receptors used for parasite binding [3] and increasing capillary flow [4] . In severe falciparum malaria, decreased systemic and organ-specific NO bioavailability is a result of multiple mechanisms, including decreased L-arginine concentrations, the substrate for NO production [5, 6] ; reduced NO synthase 2 (NOS2) expression [5, 6] ; increased NO quenching [7, 8] ; and elevated expression of asymmetric dimethylarginine, an endogenous NOS inhibitor [6, 9] . African children with severe malarial anemia had decreased NO, with increased pulmonary artery pressure, NO quenching and arginase [8] . Clinical trials evaluating inhaled NO as adjunctive therapy in pediatric cerebral malaria have been undertaken, but no studies have measured endothelial NO bioavailability in pediatric falciparum malaria nor the association with disease severity.
Microvascular function measures the capacity to match oxygen delivery to demand [4] , with a major mediator being NO [4] . In adult falciparum malaria, microvascular dysfunction is associated with increased mortality [4] . Oxygen demand may also play a role in tissue hypoxia in pediatric malaria, but results of a previous small study in Kenyan children were inconclusive [10] .
We measured endothelial NO bioavailability, skeletal muscle microvascular function, and oxygen consumption in Indonesian children with severe and moderately severe malaria and compared these data to those of controls.
METHODS
The study was approved by ethics committees of the National Institute of Health Research and Development, Indonesia, and the Menzies School of Health Research, Australia, and was undertaken at Mitra Masyarakat Hospital, Timika, Papua, Indonesia, in 2008-2009 [4] . Written informed consent was obtained from parents or guardians of participating children.
Children 4-12 years of age with severe or moderately severe Plasmodium falciparum malaria were enrolled. Severe malaria was defined as peripheral parasitemia with ≥1 of the following modified World Health Organization criteria of severity [4] : a value of <11 on the Glasgow coma scale, acute kidney injury (creatinine level, >265 µmol/L), hyperbilirubinemia, blackwater fever, hypoglycemia (glucose level, <2.2 mmol/L), respiratory distress ( pathological deep breathing), acidosis (venous bicarbonate level, <15 mmol/L), shock (systolic blood pressure, <70 mm Hg after fluid resuscitation), and hyperparasitemia (parasites in >10% of erythrocytes). Exclusion criteria were hemoglobin levels of <60 g/L or receipt of antimalarial treatment for >18 hours. Moderately severe malaria was defined as a parasite count of >1000/µL that, on the basis of an assessment by nonstudy physicians, required hospital admission, with no warning signs or severe criteria. Control children were nonrelated hospital visitors who were afebrile in the preceding 48 hours and P. falciparum negative by microscopy and rapid diagnostic testing (HRP2, Paracheck, India).
Standardized history and physical examinations were documented, and parasite counts were determined by microscopy. Hemoglobin level, biochemistry characteristics, acid-base parameters, and lactate level were measured with a bedside i-STAT analyzer. Physiological measurements were performed at enrollment and discharge.
Peripheral Arterial Tonometry (PAT) and Near-Infrared Resonance Spectroscopy (NIRS) Endothelial NO bioavailability was measured noninvasively by use of PAT, as described elsewhere [6] . Briefly, this method measures the change in the pulse wave amplitude in response to an ischemic stress of 50 mm Hg above the systolic blood pressure for 5 minutes to give a reactive hyperemia index (RHI) [6] .
NIRS was performed concurrently with PAT to assess microvascular function and tissue oxygen consumption, using the same level of ischemic stress, as described elsewhere [4] ; Supplementary Figure 1 . Methemoglobin levels were measured concurrently with a CO-oximeter (Masimo, Radical 7) because increased levels could affect NIRS results [4] .
Statistical Methods
Statistical analysis was performed using Stata, version 11. Intergroup differences among children with severe or moderately severe malaria and controls were compared using analysis of variance or the Kruskal-Wallis test, where appropriate. An a priori pairwise comparison, using the Sidak method, compared children with severe malaria to those with moderately severe malaria, children with severe malaria to healthy controls, and children with moderately severe malaria to healthy controls. Pearson or Spearman correlation coefficients were determined, as appropriate. Paired analysis was performed using a paired t test or a paired-sample Wilcoxon signed-rank test. A 2-sided P value of <.05 was considered statistically significant.
RESULTS
Forty-seven children were enrolled; 13 had severe malaria (with cerebral malaria in 5 and parasitemia of >10% in 8), 15 had moderately severe malaria, and 19 were healthy controls. The only death involved a child with cerebral malaria. All children with severe malaria were treated with intravenous artesunate, and 4 received antibiotics. All patients with moderately severe malaria received intravenous artesunate initially, switching to oral artemisinin-combination therapy once artesunate therapy was tolerated. Baseline demographic characteristics, clinical features, and hematological and biochemical results are summarized in Table 1 .
Endothelial Function With Clinical Disease and Biomarkers of Severity
The median RHI was lower for patients with severe malaria (1.13; interquartile range [IQR], 1.08-1.23) and for those with moderately severe malaria (1.09; IQR, 1-1.15), compared with that for health controls (1.29; IQR, 1.1-1.65; P = .03; Table 1 and Figure 1A ), with no difference between the malaria groups. There was an increase in RHI between enrollment and discharge among all children with malaria (P < .001; Figure 1B ). Only 1 PAT result was recorded for the child who died. For patients with cerebral malaria, patients who were hyperparasitemic, and patients with moderately severe malaria, the median hospital stay was 4 days (range, 2-15 days), 2 days (range, 1-3 days), and 1 day (range, 1-2 days), respectively. No association was found between the RHI and either lactate level or parasite count among all patients, among patients with severe malaria, or among patients with moderately severe malaria.
Tissue Oxygen Saturation (StO 2 ), Microvascular Reactivity, Oxygen Consumption, and Disease Severity NIRS measurements were performed for all children (Table 1) . Methemoglobin levels were all <2%, with no significant difference among groups (Table 1 ). There were no significant differences in the StO 2 at enrollment among disease categories and no change with clinical recovery in patients with either severe or moderately severe malaria. Microvascular function at enrollment was 12% and 8% lower in patients with severe malaria and patients with moderately severe malaria, respectively, compared with healthy controls (P = .03; Table 1, Figure 1C , and Supplementary Figure 1 ). The median difference between peak and baseline StO 2 values was lower (Supplementary Figure 1) in patients with severe malaria (9; IQR, 7-13) and patients with moderately severe malaria (12; IQR, 10-14), compared with the difference for healthy controls (15; IQR, 14-17; P = .007; Table 1 ). However, pairwise comparisons revealed no difference between children with severe malaria and those with moderately severe malaria. There was no correlation between microvascular function and either lactate level or peripheral parasitemia.
Median oxygen consumption was increased for children with severe malaria (median, −13.3%/min; IQR, −13.94%/min to −11.43%/min) and children with moderately severe malaria (−13%/min; IQR, −13.73%/min to −10.72%/min), compared with the value for healthy controls (−10.3%/min; IQR, −11.6%/min to −8%/min; P = .01; Table 1 and Figure 1D ), with no difference between the severe malaria and moderately severe malaria groups. There was no association between microvascular function and oxygen consumption in all children or in all children with malaria. There was a correlation between oxygen consumption and peripheral parasitemia in patients with moderately severe malaria (ρ = −0.56; P = .03), but this correlation was absent in all patients with malaria (ρ = −0.33; P = .1) and in patients with severe malaria (ρ = −0.3; P = .3). There was no association between lactate level and oxygen consumption in any of the study groups. There was no significant change seen in either lactate level or oxygen consumption after clinical recovery in all children, in those with severe malaria, or in those with moderately severe malaria. 
RHI and Microvascular Reactivity
There was an association between the RHI at enrollment and microvascular function for all patients with malaria (r = 0.64; P < .001) and patients with severe malaria (r = 0.81; P < .001), but the association was not observed for patients with moderately severe malaria (r = 0.47; P = .08) or healthy controls (r = −0.2; P = .4). No longitudinal relationship was found between the RHI and microvascular function in all children, in those with severe malaria, or in those with moderately severe malaria.
DISCUSSION
Children with severe malaria and those with moderately severe malaria had decreased endothelial NO bioavailability, decreased microvascular function, and increased oxygen consumption. The association between endothelial NO and microvascular function in severe malaria and moderately severe malaria suggests that regulation of capillary flow may be NO mediated.
The endothelial NO findings in pediatric patients with severe malaria are similar to those found in adults at the same site, in whom both endothelial and pulmonary NO bioavailability are reduced [6] . The difference between age groups is the comparable impairment in both severe and moderately severe malaria in children, compared with impairment only in severe malaria in adults [6] . The decreased endothelial NO bioavailability in this study is consistent with findings from previous pediatric studies [5, 8] . Tanzanian children with cerebral malaria had hypoargininemia and decreased mononuclear NOS2 expression and NO production, compared with patients with moderately severe malaria and controls [5, 11] . Decreased NO has also been reported in Malian children with severe malaria anemia in association with increased levels of plasma arginase, cell-free hemoglobin, and NO quenching [8] .
Impaired microvascular function detected by NIRS is also seen in severe malaria in both children and adults. However, the impairment in adults is proportional to disease severity [4] , while impairment in children during moderately severe malaria is comparable to that during severe malaria. NIRS assesses only microcirculatory vessels, the major sites of parasite sequestration in falciparum malaria. Microvascular function reflects Figure 1 . A, Reactive hyperemia index (RHI), determined by peripheral arterial tonometry, in healthy controls, children with moderately severe malaria, and children with severe malaria (P = .03, by the Kruskal-Wallis test). Figure 1 continued. B, RHI at enrollment and discharge for patients with severe malaria (P < .001, by the Wilcoxon paired sign ranked test). Horizontal bars represent pairwise comparisons between enrollment and discharge values. C, Skeletal muscle reoxygenation rate (StO 2recov ; defined as the microvascular function or rate of increase in StO 2 ) after release of ischemic stress in healthy controls, children with moderately severe malaria, and children with severe malaria (P = .03, by the Kruskal-Wallis test). D, Skeletal muscle oxygen consumption (VO 2 ) in healthy controls, children with moderately severe malaria, and children with severe malaria (P < .001, by analysis of variance). Horizontal lines represent the median values for each group. Horizontal bars represent pairwise comparisons between groups.
the overall capacity to respond to ischemia by increasing capillary flow or recruiting additional capillaries to hypoxic areas and decreasing flow to oxygenated tissue [12] . Microvascular dysfunction shunts or decreases oxygen delivery to hypoxic areas while maintaining or increasing flow to normoxic tissue [12] . While this may reflect physical obstruction due to parasite sequestration in the capillaries and postcapillary venules, it does not account for the similar impairment in severe malaria and moderately severe malaria with their presumed different microvascular parasite biomass. Orthogonal polarizing spectroscopy imaging of rectal capillaries in adults shows an increased proportion of obstructed capillaries in severe malaria, compared with moderately severe malaria [13] ; however, similar studies have not been conducted in children. Control of capillary density occurs locally, with NO a major mediator of arteriolar dilatation in response to hypoxia [4] , and the correlation between endothelial NO and microvascular dysfunction suggests that this may be an additional mechanism. Our results suggest that microvascular dysfunction may result in an inability to increase capillary density in response to hypoxia or increased oxygen demand, probably by exacerbating microvascular obstruction from parasite sequestration and by decreasing endothelial NO-related arteriolar dilatation.
Similar to malaria in adults, oxygen consumption is increased during malaria in children [4] . A Kenyan study using a metabolic cart found a nonsignificant increase in oxygen consumption in children with severe malarial anemia [10] . In addition, children who received blood transfusions had increased oxygen consumption, which was hypothesized to be repayment of an oxygen debt due to increased oxygen carrying capacity [10] . Our studies in both children and adults have found no association between oxygen supply and consumption. While increased oxygen consumption may seem to suggest an adequate oxygen supply, this is at odds with the increased lactate level indicative of tissue hypoxia in severe malaria. Several possible explanations could explain this discrepant observation. First, animal studies show that skeletal muscle increases oxygen extraction in response to decreased oxygen delivery [12] . Second, microvascular dysfunction in severe falciparum malaria may impair the ability of the microcirculation to match oxygen delivery and consumption, with shunting to areas with adequate oxygenation and no compensatory increase to areas with decreased oxygen tensions. Increased oxygen consumption in falciparum malaria could reduce tissue oxygenation by increasing the mismatch with impaired oxygen delivery. The mechanism of increased oxygen consumption in falciparum malaria remains unclear and may be due to a parasite-induced increase in host metabolism [4] . While there was an association between oxygen consumption and peripheral parasitemia in moderately severe malaria, it is unlikely that the parasite biomass is large enough to itself cause a measurable increase in oxygen consumption. In addition, the lack of a significant difference between severe malaria and moderately severe malaria in oxygen consumption, microvascular reactivity, and endothelial function suggests that additional factors, such as intensity of microvascular sequestration and obstruction, are likely to be important in the pathogenesis of severe disease [1] .
Use of CO-oximetry revealed that methemoglobin levels were not elevated, in contrast to finding from an African study, which found an increase during severe malaria and moderately severe malaria by spectrophotometry [14] . The reasons are unclear but may relate to differences in methods, the subjects' genetic background, and/or the subjects' age.
Our study had several limitations, the main being that we did not enroll children <4 years, as smaller digits and thenar muscles in younger children did not yield reliable results. With changes to national regulations regarding preexisting material-transfer agreements, we were unable to measure plasma L-arginine, arginase, and cell-free hemoglobin levels and so were unable to delineate the probable mechanisms underlying decreased endothelial NO bioavailability and to assess the downstream effects of endothelial dysfunction.
In conclusion, endothelial NO production and microvascular function are decreased and skeletal muscle oxygen consumption is increased in children with severe malaria and moderately severe malaria. The association between endothelial NO production and microvascular function suggests that NO regulates capillary flow in children with falciparum malaria. Our results show that impaired endothelial NO production and microvascular dysfunction occur in severe falciparum malaria in both children and adults and provide further evidence to support trials of agents to increase endothelial NO bioavailability and improve tissue perfusion during severe malaria in all age groups [6, 15] .
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